The cyclotriveratrylene-type ligands (AE)-tris(iso-nicotinoyl)cyclotriguaiacylene L1 (AE)-tris(4-pyridylmethyl) 
Introduction
Coordination polymers and metal-organic frameworks (MOFs) are crystalline coordination compounds with innite framework structures constructed from metal cations and bridging ligands.
1 Potential applications for coordination polymers have been demonstrated or proposed in a myriad of elds including magnetism, non-linear optics, catalysis, separations and extractions, and gas storage. 1 Many of these applications are dependent on the ability of coordination polymers or MOFs to bind guest molecules, and materials which feature a robust, porous structure which is maintained on evacuation of mother liquor are particularly prominent. Coordination polymer materials that feature channels or cavities in their framework but are not robust to loss of all guest solvent may also nd function as heterogeneous hosts provided guest molecules can be exchanged without substantial loss of framework structure.
This principle has recently been used to great effect by Fuijta and others who have developed a crystalline-sponge approach for the determination of otherwise inaccessible crystal structures of guest molecules exchanged into the cavities of coordination polymer hosts. 2 The ability of coordination polymers to function as a host is a property of the overall assembly and not of the individual molecular or ionic building blocks that make up the framework. Molecules that have an intrinsic ability to bind guest molecules are also well known and are referred to as molecular hosts, and most examples are cyclic in nature. The use of molecular hosts as components of coordination polymers may result in a material which contains both the specic molecular recognition sites of the molecular host and channels and cavities of the coordination polymer framework. As such, they can be regarded as materials with a hierarchical pore structure. Cyclodextrins, for example, form robust metal-organic frameworks which have applications in gold extraction and CO 2 capture. 3 Other wellknown classes of molecular hosts including calixarenes and related cone-conformation hosts, and cucurbiturils have also been reported to form coordination polymers, oen when suitably functionalised with metal-binding groups. [4] [5] [6] Cyclotriveratrylene (CTV) is a bowl-shaped molecular host with a tribenzo[a,d,g]cyclononatriene core. CTV forms chain and 2D coordination polymers, most commonly with group 1 metal cations.
cyclotricatechylene 8 and a range of tripodal ligand-functionalised analogues of CTV [9] [10] [11] [12] [13] [14] [15] have been shown to form coordination polymers that contain embedded molecular hosts. Some of these coordination polymer materials exhibit structures with large channels or cavities and where the molecular bowl of the tribenzo[a,d,g]cyclononatriene ligand scaffolds are potentially accessible to new guest molecules. [8] [9] [10] In the majority of examples, however, the molecular recognition sites are not accessible due to inter-or intra-network host-guest interactions. These include bowl-in-bowl stacking motifs between the tribenzo [a,d,g]cyclononatriene scaffolds, 11 and a pronounced tendency for the formation of self-complementary interactions between two CTV-type ligands to form a dimeric so-called hand-shake motif, or through inter-network host-guest interactions between a terminal additional ligand group and the tribenzo [a,d,g]cyclononatriene host core.
10,12
We report here a series of new coordination polymer materials that have been accessed through the combination of copper cations and CTV-type ligands where the tribenzo [a,d,g]cyclononatriene core has been decorated with a tripodal arrangement of 4-pyridyl ligand groups, namely (AE)-tris(isonicotinoyl)cyclotriguaiacylene L1, 15 (AE)tris(4-pyridylmethyl) cyclotriguaiacylene L2 (ref. 16 ) and (AE)tris{4-(4-pyridyl) benzyl}cyclotriguaiacylene L3, 17 all of which we have previously reported. Nominally C 3 -symmetric tripodal derivatives are chiral, and we utilise them as racemic mixtures. Only the iso-nicotinoyl appended L1 has been previously shown to form a coordination polymer in a chain structure with Ag(I), 15 however all three ligands are known to form discrete metallosupramolecular species. [17] [18] [19] Complexes with ligand L1 have been the most studied and include Pd 6 L 8 stella octangula cage species, 17, 18 capsule-like metallo-cryptophane Pd 3 L 2 species,
19
and a Cu 6 L 6 metallacycle formed from CuBr 2 that has a topologically unique Borromean-like chainmail arrangement. 20 The materials reported here represent a remarkable structural variation and include unusual topologies induced by the distinctive pyramidal shape of these ligands, coordination polymers incorporating cage or capsule-motifs with both large lattice channels and accessible molecular recognition sites, as well as new examples of more common topological types. Fig. 3 for denition) is ca. 3.1 nm. The hexagonal prisms are linked into a 2D network in the ab plane through cyanide bridges to the trigonal planar Cu3, Fig. 2(a) , and offset layers of prisms are connected together through further copper cyanide bridges, Fig. 2(b) . The unit cell packing diagram viewed down the a axis is shown in Fig. 2 (d) and illustrates that channels run throughout the structure. The 3D coordination polymer framework can also be considered as being composed of copper-cyanide expanded hexagonal layers running in the ab plane that are linked together through bridging L1 ligands. Each copper-cyanide ring in the hexagonal layer has a Cu 24 (CN) 24 composition, Fig. 2 
Results and discussion
i) y, Àx + y, 1 À z; (ii) 2/3 À y, 1/3 + x À y, 1/3 + z; (iii) x À y, x, 1 À z; (iv) Àx + y, 1 À x, z; (v) 1 À y, 1 + x À y, z; (vi) 1/3 À x + y, 2/3 À x, z À 1/3.
(c).
A simplied connectivity diagram of the 3D network of complex 1 is shown in Fig. 3 , where the Cu1-CN-Cu2 linkages within a prism are taken as a single connecting centre and shown as yellow spheres. These diagrams illustrate how the hexagonal prisms within 1 are connected together in a manner which mimics the close packing of spheres. Fig. 3(a) shows a single close-packed layer of prisms linked through Cu3 centres (green spheres). A second layer, shown in heavier lines in Fig. 3(b) , is oriented above the rst in a manner which creates both octahedral and tetrahedral sites as would be seen in close packing of spheres. The overall layer packing pattern is ABC.
Thermogravimetric analysis (TGA) of crystals of 1 that were collected in air but not evacuated under vacuum indicates a weight loss of ca. 10 % to 250 C aer which the material undergoes signicant weight loss to 320 C, the latter process indicating decomposition. and both crystallographically distinct L2 ligands have similar conformations where each pyridyl group is approximately coplanar with its associated scaffold phenyl group. This is very much in contrast to the structures of complex 1 (and indeed the other complexes of L1 reported here) where the pyridyl (of isonicotinoyl) groups were closer to orthogonal with adjoining scaffold phenyls. The L2 ligands are arranged into head-to-head pairs linked together through the Cu II cations to give a capsulelike motif, Fig. 4 (a). Organic capsules formed from the head-tohead dimerization of CTV fragments are known as cryptophanes, and may form as chirally pure anti isomers or the mesosyn isomer. 25 Capsule species where two CTV-ligands are bound together in a M 3 L 2 species are referred to as metallo-cryptophanes, and discrete metallo-cryptophanes are known with 4-pyridyl-decorated CTV ligands. 19, 26 The closest Cu/Cu separations within the metallo-cryptophane motif of complex 2 are of the order of 17-17.5Å and the distance between L2 centroids is 15.1Å. Each Cu II centre is shared by two metallo-cryptophanes to form a 2D metallo-cryptophane network with large hexagonal cavities, Fig. 4 (b). This is a highly unusual 3,4-connected network with (4 3 .12 3 )(4 2 .12 2 ) topology. Each cavity within the network is bound by six cryptophanes and six Cu II centres with three aquo ligands directed into the cavity. The longest Cu/Cu separation across the cavity is 34.1Å and the distance from the centre of the cavity to the O atom of an aquo ligand is 12.1Å. The 2D networks form in the bc plane and stack together along the a axis in an AB arrangement. The phenyl groups of one network are roughly aligned with pyridyls of the adjacent network with ring centroid distances between them ranging from 4.03 to 4.59Å indicating any p-p stacking interactions in the lattice are weak. The 2D networks are not perfectly aligned, but show a displacement which creates two types of channel when viewed down the a axis: a smaller channel of approximately 8Å cross-section and a larger channel with a cross-section of approximately 15 Â 30Å, Fig. 4 (c). Each L2 ligand within a single 2D network is of the same enantiomer, thus forming anti-type metallo-cryptophanes and indicating chiral self-sorting occurs during the formation of each network in complex 2. Overall, the complex is not chiral, as crystals contain an equal number of networks containing each ligand enantiomer which alternate along a.
A coordination polymer with embedded organic cryptophanes has been reported, 27 as have coordination networks of metallocapsules from pyrogallol [4] arenes, calix [4] arenes or cucurbiturils. 4 We have previously reported a 2D network of linked metallocryptophanes in the complex [Ag 3 (NCMe) 3 
2+ where L ¼ tris {4-(3-pyridyl)phenylester}cyclotriguaiacylene. 14 In that case the Ag 3 L 2 metallo-cryptophanes were linked through Ag-m 3 -Cl-Ag bridges, and there were no signicant channels through the structure due to the manner of packing between the 2D networks. Robson's cyclotricatechylene-based coordination polymer features tetrahedral cages linked together into a network through oxide bridges. 8 A number of metallo-cage motifs within metal-organic frameworks are known, 28 and include Fujita's coordination polymer comprised of vertex-linked octahedral cage assemblies, materials which have recently been shown to act as crystalline sponges.
2,29
Complex 2 is not a robust material and loses crystallinity on loss of solvent. TGA indicates that the lattice contains at least ve additional molecules of DMSO per formula unit that were not located in the crystal structure (mass loss ca. 9% to 250 C, ESI †). The crystals are not deeply coloured hence are suitable candidates for initial experiments to determine whether 2 can act as a crystalline sponge. The mother liquor was decanted from a batch of complex 2 single crystals and rapidly replaced with a toluene solution of fullerene-C 60 . Aer soaking at ambient conditions for two weeks, the crystals adopted a redbrown colouration, Fig. 5 , which is apparent throughout the crystal and not a surface effect. Raman spectroscopy and microanalysis of the bulk sample were consistent with the presence of fullerene-C 60 in the crystals (see ESI †). The unit cell was established to be the same as the parent crystals through Xray diffraction. Unfortunately the complex 2@C 60 crystals did not diffract sufficiently well to allow for a full structure determination to be performed. Nevertheless, the ability of complex 2 to up-take large guests has been demonstrated. Ligand L3 represents an extended-arm analogue of L2, and also forms a copper coordination polymer with linked metal-cryptophane structure. Fig. 6 (a). The L3 ligands are linked in a head-to-head fashion to form achiral syn isomer metallo-cryptophanes, unlike in complex 3 where they were the chiral anti isomer. DMSO guest molecules were located for both L3 ligands, and are oriented with methyl groups directed towards the hydrophobic cavity, Fig. 6(a) . The metallo-cryptophanes of complex 3 are also distinct in that they do not possess approximate C 3 -symmetry. For both crystallographically distinct L3 ligands, one of the methylene-phenyl-pyridyl side-arms is bent inwards over the cavitand ligand molecular bowl such that the C aryl -O-CH 2 -C aryl torsion angle is ca. 75 , whereas the equivalent torsion angle is closer to 180 for the other methylenephenyl-pyridyl side-arms. This means the three Cu II centres that form the equatorial region of the metal-cryptophane form a scalene rather than equilateral triangle (Cu/Cu distances 23.9, 16.2, 11.8Å), giving the metallo-cryptophane motif a distinctly attened aspect, Fig. 6 (b). As in complex 2, linked metallo-cryptophane moieties are formed in 3, however here the metallo-cryptophanes are linked through only two of three Cu II vertices to form a chain rather than 2D network, noting it is Cu2 which is bound by the foldedin ligand arms which is the topologically-trivial link, Fig. 7(a) . Each chain is polar with each metallo-cryptophane in the same orientation and they pack together in a polar fashion along the a unit cell, Fig. 7(a) . The overall lattice is apolar with chains of inverted orientation stacking along c, Fig. 7(b) . There are no face-to-face p-stacking interactions between the chains. Large is topologically trivial in terms of network connectivity and the connecting nodes are the tripodal L1 ligands and the 4-connecting Cu1 which act as a square planar node. The Cu1 centres are linked by L1 ligands into a ladder arrangement shown in Fig. 8(a) , these are then linked together above and below their plane through Cu2 centres to form a 2D network that features an series of linked tubular pores of approximate cross-section of 3 nm across the diagonal, Fig. 8(b) . The tubes run along the b axis. Each connecting centre in the framework is involved in 4-, 6-and 8-membered rings to give a simple framework topology of (4.6 2 .8)(6 2 .8)(4.6 2 .8 2 ) noting that there are two types of 3-connecting centre, one in the centre of the ladder motif and the other at the sides, Fig. 8 The framework structure of 4 is reminiscent of the tubular 1D coordination polymer carboxylate-appended CTV-type ligands reported by Zheng, 9 in both examples the tubes are bounded by four CTV scaffolds with molecular bowls directed inwards and linked by Cu II cations. Unlike in Zheng's example, in complex 4 the size of the channels is restricted as the material exhibits 2D / 3D parallel interpenetration, Fig. 9(a) . Interpenetration occurs such that each tubular pore of one 2D framework is occupied by sections of two interpenetrating frameworks. There are host-guest interactions between the interpenetrating networks. These occur between one of the NMP ligands attached to Cu1 of one framework and an L1 ligand (of the type shown without a guest NMP in Fig. S3 †) of an adjacent framework, and vice versa, shown in Fig. 9(b) with the guest NMP ligands in space-lling mode to highlight them.
Similar host-guest motifs involving terminal ligands as the guest have been observed in other CTV-type assemblies, 12,20 and between calixarene-based chains.
6 Channels are evident along the a and c axes of the lattice, see ESI Fig. S4 . †
Coordination polymers with common topologies
The coordinating anion cyanide plays a distinct structural role in complex 1, hence complexes with weakly coordinating anions would be anticipated to form completely different types of network structures. This is indeed the case, and reaction of ligand L1 with [Cu The crystal structure of complex 5 was determined in space group Pbca from data collected with synchrotron radiation. polymer with a hexagonal network of 6 3 topology also referred to as hex which forms in the bc plane of the crystal lattice, where both the Cu I and L1 components act as 3-connecting centres, Fig. 10(a) . The Cu I positions are roughly coplanar but the network shows considerable puckering due to the bowl-shape of L1. Whether the L1 molecular cavities are oriented up or down alternates throughout the network, and the network is racemic, with the L1 enantiomer alternating along the c axis. The 2D networks pack along the a axis such that there is bowl-in-bowl stacking of the L1 molecular bowls of adjacent coordination polymers throughout the lattice, Fig. 10(b) . The ligand enantiomer alternates within each bowl-in-bowl stack, and the stacking L1 ligands have aromatic ring centroid separations ca. 4.7Å, indicating that there are no p-p stacking interactions between them. The a unit cell length of 9.459(2)Å is indicative of this type of bowl-in-bowl stacking of CTV-type scaffolds, akin to that observed in a-phase CTV. 30 In the previously reported example of a coordination polymer involving L1 with a tetrahedral metal centre, namely complex [Ag(L1) 2 ][Co(C 2 B 9 H 11 ) 2 ], a doubly-bridged chain structure is formed and a head-to-head motif is observed between L1 ligands of adjacent chains. 15 In the overall crystal lattice of 5 channels are formed which are occupied by ligated and solvent acetonitrile, water and disordered BF 4 À counter-anions. (2) around Cu2, and cis N-Cu-N angles between 87.0(2) and 90.4 (2) . Both crystallographically distinct ligand L1 types bridge between three Cu centres, however they are not structurally similar. One has all ester groups arranged with carbonyls pointed towards the centre of the molecular bowl, while the other has only one ester directed inwards. Both contain a guest NMP molecule within their molecular bowls, Fig. 11(a) .
Both the Cu centres and the L1 ligands of complex 6 act as 3-connecting centres to form a 3D coordination polymer, Fig. 11(b) . The connectivity diagram is shown in Fig. 11(c) and illustrates that the network features 10-membered rings and has the (10,3)-b topology which is also referred to as ths topology and is related to the structure of ThSi 2 . This network characterized by zig-zag motifs and chair-conformation 10-membered rings. 31 Throughout the structure of complex 3 there are two interpenetrating ths networks which are related to one another by inversion, Fig. 11(d) . Any channels that run through the interpenetrated network pair are relatively small and are lled with additional NMP solvent and counter-anions (see ESI †). The (10,3)-b topology occurs less commonly than other 3-connected networks but a number of examples are known for different coordination polymers.
32 This is the rst report, however, that involves a CTV-type ligand as one of the 3-connecting centres for a (10,3)-b net.
The use of a coordinating anion with L2 results in the formation of a very different type of 2D coordination polymer structure in the material [Cu 2 (L2) 2 Br 3 (DMSO)]$Br$3.5DMSO 7. Complex 7 was obtained from vapour diffusion of ethyl acetate into a DMSO solution containing equimolar amounts of L2 and CuBr 2 . The crystal structure was solved in space group P 1 and the given formula represents the asymmetric unit although an uncoordinated Br À counter-anion and additional solvent molecules were not located in the structure. The two L2 ligands within the asymmetric unit are of different ligand enantiomers. One methyl pyridyl group and one methyl group were both modelled as disordered across two positions, see ESI. † There are two crystallographically distinct Cu II centres, shown in Fig. 12(a) . Cu1 has trigonal bipyramidal coordination with two equatorial Br À ligands at Cu-Br distances 2.463(1) and 2.572 (1) A, and three pyridyl ligands from three L2 ligands at Cu-N distances ranging from 2.060(11) to 2.107(5)Å. Cu2 is square pyramidal with an axial Br À ligand (Cu-Br 2.814(2)Å), three L2 pyridyl ligands (Cu-N distances from 1.996(7) to 2.089(7)Å), and a coordinated DMSO at Cu-O distance 2.134(7)Å. If the terminal ligands are disregarded then both Cu II centres have a similar T-shaped geometry of three L2 ligands. Each L2 ligand bridges between three Cu II centres to form a 3-connected 2D network, Fig. 12(b) . The network topology is a highly distorted 4.8 2 network as shown in Fig. 12(c) where both a connectivity diagram of 7 and an idealized 4.8 2 network are shown. Networks with this topology have been previously observed for CTV-type coordination polymers. 13 An ideal 4.8 2 network is formed from trigonal centres, and the combination of T-shaped and orthogonal connecting centres found here leads to the distortions with the 8-membered rings in a chairconformation. The 2D coordination polymers of 7 are two-tiered rather than planar. Although the lattice of complex 7 does not show substantial channels, cavities are created by both the networks and the manner in which they pack together (see ESI †). Some solvent DMSO positions were located including an intra-cavity guest position, however TGA indicates the level of solvation of complex 7 is higher than could be established by crystallography (see ESI †). This is also consistent with void calculations.
Experimental
(AE)-Tris(iso-nicotinoyl)cyclotriguaiacylene L1, 15 (AE)-tris(4-pyridylmethyl)cyclotriguaiacylene L2 (ref. 16 ) and (AE)-tris{4-(4-pyridyl)benzyl}cyclotriguaiacylene L3, 17 were synthesized according to literature methods. All chemicals were obtained from commercial sources and were used without further purication. Infra-red spectra were recorded as solid phase samples on a Perkin-Elmer Spectrometer. Elemental analyses were performed on material that had been washed with diethyl ether, subsequently dried at 80-90 C under vacuum and then exposed to the atmosphere, hence may show different levels of solvation to those established by crystallography or TGA due to solvent loss and/or absorption of atmospheric water.
[Cu X-ray crystallography X-ray diffraction data were collected at low temperatures with Cu-Ka radiation (l ¼ 1.54184Å) (complexes 1, 2, 4, 6), Mo-Ka radiation (l ¼ 0.71073Å) (complexes 3, 7), or using synchrotron radiation (l ¼ 0.6889Å) (complex 5). Data were corrected for absorption using a multi-scan method, and structures were solved by direct methods using SHELXS-97 and rened by fullmatrix or block-matrix (complex 6) least squares on F 2 by SHELXL-97. 33 For all complexes aside from 5 and 6 the structures contained signicant void space and residual electron density that could not be meaningfully rened as additional solvent or counter-anions, hence the SQUEEZE 34 routine of PLATON 35 was employed. In general the crystals were weakly diffracting as is commonly the case for coordination polymer materials where a low percentage of the unit cell volume is occupied by the ordered framework. Further details of data collections and structure renements are given in the ESI. †
Conclusions
Using molecular hosts as ligands to engineer different types of cavity spaces within metal-organic frameworks requires both that the molecular host acts as a bridging ligand and that the molecular cavity is potentially accessible to new guest molecules. The coordination polymers reported here and elsewhere [9] [10] [11] [12] [13] [14] [15] demonstrate that tris-ligand-functionalised CTV-type molecular hosts are excellent tectons for the self-assembly of metal-organic frameworks. The ability to predict the framework topologies that are produced remains elusive however, and both common and unusual topologies may result. In the examples reported here seven quite different frameworks are produced according to metal oxidation state and hence geometric preferences, the nature of the counter-anion and whether or not it coordinates, and relatively small differences in the nature of the ligand. L1 and L2 for example differ only in the former having a carbonyl compared with methylene group in the latter yet their respective assemblies with Cu(OTf) 2 are markedly different -L1 giving a twofold interpenetrating 3-connecting network of ths (10,3)-b topology in NMP while L2 gives a highly unusual 2D network structure of linked metallo-cryptophane units of (4 Host-guest relationships may form within or between networks that render embedded molecular recognition site of the ligands inaccessible, and this is illustrated here by complex 5 where bowl-in-bowl stacking occurs between L1 ligands of adjacent coordination polymers, and to a lesser extent in complex 4 where half the L1 ligands of a network play host to terminal ligand groups of an adjacent network. The rigid pyramidal shape of the tribenzo[a,d,g]cyclononatriene core of ligands L1-L3 mean that the coordinating 4-pyridyl groups are oen orthogonal to one another and this leads to 2D and chain networks which are signicantly distorted from planarity and leads to formation of tubular like arrays such as in complex 4 or promotes formation of head-to-head linking of the ligands to form cage (complex 1) and capsule metallo-cryptophane (complexes 2 and 3) motifs within the framework. The cage and capsule-embedded frameworks in particular have molecular guest binding sites that are potentially available to new guest molecules, along with large channels throughout the ordered crystal lattice. Although these materials do not withstand complete evacuation of mother liquor, they exhibit new and highly promising structural types for the formation of porous materials with hierarchical pore spaces, and point to an important design principle -the networking of cage or capsule motifs. under proposal mt8911. We thank Tanya Marinko-Covell for microanalysis, Algy Kazlauciniunas for TGA measurements, Alex Kulak for help with Raman spectroscopy and Fiona Meldrum for access to equipment.
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